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Summary

A wind tunnel test was conducted in the NASA Ames 7- by 10-Foot Wind Tunnel to
investigate the lift distribution on a semi-span wing with a discontinuous change in spanwise twist.
The semi-span wing had a tip with an adjustable pitch angle independent on the inboard section -
pitch angle simulating the free-tip rotor blade when its free-tip is at a deflected position. The
spanwise lift distribution over the wing and the tip were measured and three-component velocity
surveys behind the wing were obtained with a three-dimensional laser doppler velocimeter (LV)
with the wing at one angle of attack and the tip deflected at different pitch angles. A six-
component internal strain gage balance was also used to measure total forces and moments on the
tip. The three-dimensional lift was computed from the two dimensional lift distributions obtained
from the LV and from the strain gage balance. The results from both experimental methods are
shown to be in agreement with predictions made by a steady, three-dimensional panel code,
VSAERO.
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NOMENCLATURE

closed integral path around the airfoil

sectional lift coefficient

three-dimensional lift coefficient

mean three-dimensional lift coefficient from strain gage balance

root chord length

sectional lift coefficient

dimensional sectional lift

dynamic pressure

local velocity vector

free stream velocity

streamwise component of the local velocity
vertical component of the local velocity

wind tunnel coordinate system

wind tunnel coordinate system normalized by the root chord length, ¢,

standard deviation of C; from the strain gage balance
circulation strength

tip pitch angle in deg. in wind tunnel coordinate system

differential pitch angle between the tip and inboard sections, positive when

the tip leading edge is up relative to the inboard section



1. Introduction

A previous numerical study indicated that a helicopter rotor blade equipped with a free-tip,
which is structually decoupled from the inboard section, has a very strong secondary trailing
vortex shed from the junction between the inboard section and the free-tip due to a large
discontinuity in the bound vorticity at the junction (Reference 1). A small scale helicopter rotor
wind tunnel test also showed a large power reduction when the rotor was equipped with a free-tip
(Reference 2). It was hypothesized that this secondary trailing vortex results in strong upwash at
the tip, which has a significant effect on the tip pitch attitude and the lift distribution on the tip,
which may contribute to induced drag reduction on the tip, causing a drastic reduction of power
requirements of the rotor system (Figure 1).

In order to prove the above stated hypothesis, an investigation of the flow field around a
rotor blade with a deflected tip was necessary. Although the ideal situation is to take velocity
measurements in the rotor flow field, a semi-span fixed wing configuration was chosen for the
wind tunnel test because of its simplicity. It was assumed that the generation of the tip vortex at
the wing/tip junction and the magnitude of its effect on the spanwise lift distribution were the same
for a fixed wing as for a rotor blade.

2. Test Apparatus

2.1 Test Facility

The test was conducted in the 7- by 10-Foot Wind Tunnel at NASA Ames Research Center.
This wind tunnel is a closed-circuit facility with test section velocities in the range of 0 to 160
m/sec. The flow was regulated to yield a dynamic pressure of 0. 2155 x 10* Nim 2 throughout
the test.

2.2 Model Description

The semi-span wing with a tip, whose pitch angle is adjustable, was mounted horizontally in
the test section.  Figure 2 shows the location of the wing in the test section relative to the laser
doppler velocimeter (LV) as well as the location of the velocity scan planes. The actual installation
is shown in Figure 3.

The inboard and tip sections both have the same airfoil, V23010-1.58 with 0.0° deflection
tab at the trailing edge. The inboard section has a constant chord of 0.209 m and a span of 1.524
m , however, its effective span was reduced to 1.076 m due to the splitter plate. The splitter plate



was installed in order to minimize the wind tunnel wall boundary effects. The adjustable tip
section was mounted on a six-component internal strain gage balance (Task Corp. Mk. XXIX-A,
Figure 4) at 1/4-chord. A gap of about 2 mm exists between the inboard section and the tip
section. The data from this strain gage balance were acquired and processed with the NASA Ames
Standard Wind Tunnel System (SWTS).

Two planforms were used for the tip section, rectangular and swept / tapered. Both
planforms are shown in Figure 5. The swept / tapered planform is identical to the one used in the
rotor wind tunnel test reported in Reference 2. Figure 6 shows the swept / tapered tip installed on
the inboard section. The pitch angle of the tip could be manually adjusted to a pre-designated
angle, indexed by the balance / tip adaptor and remained fixed during each tunnel run.

The coordinate system used has its origin on the leading edge of the metric break. The x-axis
coincides with the free stream velocity vector, y-axis is oriented toward the inboard section and z-
axis upward. All coordinates were normalized with the wing chord length.

All data acquired were steady. The only unsteady behavior observed was the turbulence level
of the ambient flow, which is presented in terms of the standard deviation of the steady mean
velocity. The previous study described in Reference 3 indicates that the turbulence level in the
empty test section is approximately 0.26 % and 0.76 % of the free stream velocity in the axial and
transverse directions, respectively.

2.3 Laser Velocimeter

A three-dimensional laser doppler velocimeter (LV) was used to measure the flow velocities
around the wing. The LV system uses the three most powerful lines of an 8-Watt argon laser
(wave lengths 514.5, 488.0, 476.5 nm respectively). It is a dual-beam backscatter type and
simultaneously measures two orthogonal velocity components, streamwise and vertical, and the
non-orthogonal cross-flow component. Zoom optics enables the LV system to translate the focal
volume of all three channels in the cross flow direction, and the optical table translation mechanism
positions the LV focal volume in the streamwise and vertical directions. The non-orthogonal
channel has a weak coupling with the vertical component channel with coupling angles of 10° to
28°, depending on the focal volume location in the cross stream direction. The semi-major axis of
the focal volume of all three channels combined is approximately 5 mm.

The zoom optics and the translation mechanism were controlled by an HP 1000 computer.
The data acquisition, including the LV sample size, was automated to achieve a predetermined
velocity confidence interval (95% confidence, 0.1 m/sec). Mineral oil was used to seed the
tunnel flow and the oil was injected downstream of the test section in order to achieve more
uniform particle size and distribution in the test section.



2.4 Test Conditions

All data were acquired under the following conditions;

Test section dynamic pressure, q = 0.2155 x 10* Nim 2
Test section Reynolds’ number = 0. 845 x 10°

Test section Mach number =0.17

Inboard section pitch angle = 6.6°

The pitch angle of the tip section and the its planform gives the following test matrix.

For spanwise lift measurement,

Oiip A6 Swept/Tapered Rectangular
7.3° 0.6° y y
2.3° -4.3° y
-2.1° -8.7° y y
-5.8° -12.4° y

For wake velocity scans,

61ip A6 Swept/Tapered Rectangular
7.3° 0.6° y

2.3° -4.3° y

-2.1° -8.7° y

-5.8° -12.4° y

3. Laser Velocimeter Data Acquisition and Reduction Methods

The spanwise distribution of the sectional lift was calculated from the velocity distribution
around a wing section by the circulation box method.

q Co M



where the circulation I is defined as

r=¢ g o @)
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Note that the integral path in equation (2) is defined in the clockwise direction. Since the velocity
measurements were taken in a rectangular path indicated in Figure 7, for an infinitely thin wake
equation (2) can be rewritten as
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Each integral was evaluated with Simpson’s formula on a real-time basis. The number of data
points on each side is determined in the following manner; The circulation measurement was first
conducted with a large number of points, 21 points on both horizontal and vertical sides. The
resulting sectional lift coefficient was assumed to be a true value for the purpose of establishing the
baseline. The number of points was then decreased in order to minimize the data acquisition time
as long as the contribution of the vertical sides and horizontal side to the sectional lift coefficient
did not deviate from that of the baseline for more than 2 %. It was determined that fifteen points
on the horizontal side and seven points on the vertical side met the requirement at most of the
spanwise stations where the L'V focal volume did not intersect the vortex core or the viscous wake.
The vortex core could be detected by a sharp change in mean velocity, accompanied by a large
turbulence level. A large turbulence level with a loss in mean velocity indicated a viscous wake.
When such a phenomenon was observed, the circulation measurement was repeated with an
increased number of data points along the entire rectangular path until a more accurate result was
obtained

Since the circulation box computation required only the horizontal and vertical components,
the cross-flow channel of the L.V was disabled during the sectional lift measurement.

Three-component velocity surveys were also acquired behind the wing at the streamwise
locationsof ¥ = 1.05and X = 3.50. The velocity survey plane is in the range of -2.5< ¥
<1.5 and -0.5 £ z <0.5 with an increment of 0.25 in both directions.

The total forces and moments on the tip section were also measured with the internal strain
gage balance. For each run, ten measurements were taken and average values were obtained.



4. Computation with VSAERO Analysis

A steady, subsonic three-dimensional panel method was used to predict the lift behavior on
the tip. Two different methods were attempted to panel the wind tunnel model. The first method
treats the inboard section and the tip as one unit, with a short segment where a rapid transition in
twist takes place. This method ignores the existence of the gap between the two sections and
replaces it with a “flexible” section, which changes it shape depending on the pitch angle of the
tip section. This can be seen as having a “rubber boot” between the inboard and tip sections.
The second method treats the two sections as separate components. Although this model seems
more realistic, two surfaces in close proximity are required to simulate the gap between the two
sections. Since VSAERO is a discretized model, this can cause a control point to be too close to
a singularity and may result in numerical instability. In order to avoid such numerical problem,
the gap must be widened when the instability occurs.

Although the two paneling methods have different effects on the lift distribution on the
inboard and tip sections near the junction, it has been determined that the inaccuracies introduced
by both the flexible section or the wider gap (two to three times larger than reality) have little
effect on the total three-dimensional lift on the inboard section or the tip. For the purpose of
three-dimensional lift comparison presented in this paper, the first paneling method was selected
for its numerical stability and simplicity in paneling.

A more detailed discussion on the paneling methods and their effects is given in
Reference 4.

5. Results

The tabulated data for the spanwise lift distribution are presented in Appendix B. One table
represents a one complete circulation box. The horizontal and vertical components of the local
velocity vector, as well as their standard deviations, are printed for each measurement point. Each
table also contains the resulting lift coefficient for the given section. Appendix C shows the wake
velocity measurements with all three velocity components. All velocity data are presented in
nondimensional form, normalized for the free stream velocity.

5.1 Spanwise Lift Distribution by Circulation Method

A typical velocity distribution along a circulation box is shown in Figure 8. The standard
deviation of the mean velocity value, depicted as a error bar in the figure is the turbulence level
measured by the LV. It was observed that the turbulence level increases when the LV focal volume
is in the viscous wake of the wing.



Figures 9 and 10 show a spanwise distribution of the sectional lift for the swept / tapered tip
and rectangular tip, respectively, computed by the circulation method for each tip pitch angle.
When the tip pitch angle, 6yjp is set to -2.1° (A0 =-8.7°), positive lift is observed on the inboard
part of the tip. This clearly suggests a presence of the upwash created by the secondary trailing
vortex shed from the inboard / tip junction. When 6;p is very small, the lift distribution is
smooth due to the lack of strong vortex, except for the effect of the gap between two sections.
Theoretically, the lift at the gap should be zero, simply because there is no lifting surface.
However, the LV data indicate the presence of circulation over the gap because the focal volume
tends to sense the circulation from both sides of the gap. Other factors, such as the spanwise
length of the LV focal volume being approximately twice the size of the gap, existence of spanwise
component of turbulence in the ambient flow, or a boundary layer effect in the gap, also have some
contributions. No attempt was made to quantify each contribution to this phenomenon.

The sectional lift was integrated to yield a three-dimensional lift coefficient for each
configuration and compared with the same lift coefficient obtained from the internal strain gage
balance. Although the strain gage balance is designed to provide six-component of forces and
moments, the particular balance used in this test had a problem with one of six strain gages and it
has determined that only the lift component data are reliable. Therefore other components are not
presented. The results of the lift coefficient, C-'L and its standard deviation, acL measured by the

strain gage balance are presented are Table 1. Linear interpolation / extrapolation of the balance
data suggests that the zero lift pitch angles are -2.4° and -2.3° for the swept / tapered tip and
rectangular tip, respectively. Since the sectional zero lift angle of attack for the V23010 is about
+0.4° for the given test condition (Reference 5), this also indicates the effect of the secondary
trailing vortex and its upwash acting on the tip.

The three-dimensional lift coefficient obtained from the LV, as well as the strain gage balance
had a good agreement with the numerical prediction made by the lifting surface method, VSAERO.
Figures 11 and 12 show three-dimensional lift coefficients as a function of differential tip pitch
angle, obtained by the above three methods.

5.2 Velocity Survey Behind the Wing

Three-dimensional velocity surveys were obtained behind the wing to further substantiate the
existence of the upwash and the relative strength of each vortex. The survey planes are located at
x =1.05. Figure 13 shows a typical velocity distribution in a survey line. A velocity vector
map in y-z plane was then generated to show a section of the trailing vortices in the wake.
Velocity vector maps are shown in Figure 14 for different tip pitch angles for the swept / tapered
tip. Note that the spanwise location of metric break is at 0.0 and the tip at -1.48.

In Figure 14(a), the difference in pitch angles between the tip and inboard section is small. A



conventional tip vortex can be observed and there is no apparent secondary vortex shed from the
metric break can be seen. In Figure 14(b), the tip pitch angle was reduced to 2.3°. The tip is still
carrying positive lift and is still generating a tip vortex in the same direction as before, although it is
less prominent. The tip pitch angle was further reduced to -2.1° in Figure 14(c). The three
dimensional lift on the tip is approximately zero. As indicated in Figure 9, however, the outboard
section of the tip is carrying negative lift. This behavior can be seen as reversed direction of the tip
vortex. This negative lift on the outboard tip is cancelled by the positive lift carried on the inboard
portion of the tip, created by the upwash shown in the figure. The secondary vortex from the tip /
inboard section junction becomes prominent. The secondary vortex becomes very apparent in
Figure 14(d) where a large discontinuity in bound vorticity exists at the metric break.

It was observed that the required number of samples to satisfy the 95 % confidence level of
1 0.1 m/sec increases significantly when the focal volume is in the proximity of the viscous wake
or the vortex core. Due to the weak coupling with the orthogonal channels, the non-orthogonal
channel, which yeilds the spanwise velocity component, tends to produce erroneous results when
the turbulence level is high. The cross flow component in such areas presented in Figure 14 may
contain a large amount of error for this reason. No attempt was made to correct this error.

6. Concluding Remarks

The spanwise lift distribution measurements and the velocity surveys around the semi-span
wing have shown that the discontinuous twist near the wing tip can indeed create an upwash at the
tip strong enough to generate a positive lift when the pitch angle of the tip is substantially negative,
thus, contributing to the local drag reduction on the tip.

A more detailed analysis is required to further understand the aerodynamic environment of
the rotor tip when such a discontinuous twist is applied to the rotor blade. Since numerical
methods for a rotating rotor are still in an infant stage, a numerical method developed for a fixed
wing is still a primary analysis tool for a rotor blade. The lift distribution and velocity data
generated in this study should serve as a database to validate numerical results.

This type of drag reduction may also be applied to a fixed wing aircraft, and the tip extension
with a discontinuous twist may be considered as an alternative to a winglet addition. Further
investigations of the drag acting on the combined inboard and tip sections are suggested.
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A8 C, 50‘ C,(LV)
0.6° 0.5011 0.0101 0.5006
43 0.2721 0.0068 0.2504
BT 0.0205 0.0102 0.0067
2.8 -0.2091 0.0182 -0.2158
(a) Swept/Tapered Tip
A6 C, % C(LV )
0.6° 0.4638 0.0079 0.4697
87 0.0115 0.0047 0.0107
(b) Rectangular Tip

Table 1 Three dimensional lift, Task balance and LV
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Figure 4 Internal Strain Gage Balance
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Figure 6 Swept/ Tapered Tip Installation
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LIFT COEFFICIENT BY CIRCULATION METHOD
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Velocity Distribution in Scan Plane
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Appendix B

Circulation Box Measurement
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